Large area Mo/Si multilayer (ML) mirrors with high reflectivity are fabricated using magnetron sputtering deposition system. Thin film growth is optimized for film roughness, density, and interface quality by changing process parameters through fabrication of thin films. Mo/Si MLs are fabricated with varying thickness ratio, number of layer pairs, and periodicity from 0.3 to 0.45, 5 to 65, and 40 to 100Å, respectively. The samples are characterized using hard X-ray reflectivity and transmission electron microscopy. Soft X-ray performance tests of MLs are done by soft X-ray reflectivity using Indus-1 synchrotron radiation. ML coating with thickness errors of ∼0.03% per layer and interface roughness in the range of 2 to 5Å has been realized. The lateral variation of the periodicity is controlled within 0.5Å over the 300 × 100 mm 2 area of the plane substrate by using substrate motion and appropriate masking arrangement. Maximum variation of periodicity from run to run is less than 0.5Å. Peak reflectivity of ∼63% at wavelength of ∼127Å is achieved for incident angle of 71 degree.
Introduction
X-ray multilayer (ML) mirror is a one dimensional artificial Bragg reflector [1] . It bridges between naturally occurring crystal optics and total reflection optics. The former gives excellent energy resolution however integrated reflectivity is small because of narrow rocking curve. The later gives high reflectivity at extremely small glancing incidence geometry and acts as energy cutoff reflector. X-ray ML mirror provides high integrated reflectivity with moderate spectral bandpass. ML mirror has reasonable high acceptance angle compared to total reflection optics in hard X-ray region, and also gives normal incidence optics in soft X-ray /extreme ultra violet spectral range. The main advantages of ML mirrors stem from the tunability of period thickness, composition, lateral and in-depth gradient of periodicity; these can be tailored according to the desired incidence geometry and wavelength regime. Furthermore, ML mirrors have the advantage of being used for focusing and imaging applications by depositing structures on figured surface. However, fabrication of these ML mirrors is a challenging task. It requires deposition system capable of fabricating uniform, ultrathin smooth layer (∼8 to 50Å) with thickness control on atomic scale, and number of layer pairs ranging from ∼50 to 500. This task becomes more stringent in case of large area ML for device applications.
Large area MLs have different potential applications such as soft X-ray/extreme ultra violet (EUV) lithography [2] [3] [4] [5] , soft X-ray imaging using Schwarzschild objective [6] , double ML monochromator [7] [8] [9] , super mirror for hard Xray synchrotron, astrophysics [10] , X-ray telescope [11, 12] , and generating parallel/focusing X-ray beam using Göbel mirrors [13, 14] . For optical system using more than one ML mirror, the layer-to-layer thickness, uniformity, and run-torun reproducibility during fabrication of these ML mirrors should be precisely controlled. Achieving high reflectivity, run-to-run stability, and uniformity over large area require: (i) a stable and reproducible fabrication system following (ii) precise geometrical configuration of the fabrication system along with proper masking arrangements for improvement in uniformity; (iii) optimization of process parameters, such as rate of deposition, kinetic energy of add-atoms, and so forth to obtain optimum thin film growth condition. Various techniques have been attempted by different groups to produce large area ML mirrors on flat as well as figured substrates.
Using magnetron sputtering, Kortright et al. [6] obtained thickness uniformity better than 99% on 75-mm diameter flat substrate through substrate spinning and masking. Takenaka et al. [3] achieved uniformity of 99.2% on 6-inch diameter flat substrate with 63% reflectivity at 130Å for Mo/Si MLs fabricated by RF magnetron sputtering through substrate spinning and masking. MacKay et al. [8] and Tsuruta et al. [15] fabricated MLs on flat silicon substrate using magnetron sputtering for monochromator application. The former have obtained uniformity >99% on 75 × 25 mm 2 area, in W/C ML, using substrate rotation and masking, whereas the latter have obtained uniformity 99% on 152 × 38 mm 2 area in Mo/C ML using substrate rotation. As the dimension of optics increases further, additional constraints are imposed in deposition system to generate stable and uniform distribution of plasma for thickness control. Few reports are available to fabricate MLs with increased dimension. Dietsch et al. [16] fabricated Ni/C MLs on 6-inch diameter substrate (both flat and curved) by pulse laser deposition method. By using substrate motion and masking, they have obtained uniformity 99% with layer-to-layer thickness error ≤0.1Å and run-to-run stability <0.5Å. Gawlitza et al. [14] have fabricated Mo/Si MLs on 200 mm diameter flat substrate using ion beam deposition with ion assist gun. Using mask and substrate rotation they obtained uniformity 99.9% up to radius of 80 mm; after that uniformity decreases to 99.7%. Recently Morawe et al. [9] fabricated W/B 4 C ML on float glass substrate and achieved uniformity ∼99.5% over an area of 1200 × 200 mm 2 using substrate motion and masking arrangements.
To meet these requirements, recently we have commissioned a specially designed magnetron sputtering system. In this paper we report fabrication and evaluation of high reflectivity Mo/Si MLs on 300 × 100 mm 2 area substrate with good control over layer-to-layer thickness, lateral thickness homogeneity, and run-to-run reproducibility. We have achieved high-quality interface structure by optimizing process parameters.
Experimental
ML samples are fabricated using magnetron sputtering system which has both DC and RF compatibility [17] . There are two rectangular cathodes of size 500 mm × 100 mm each. The sputtering process is in a horizontal configuration. Sample movement is fully software controlled from load lock to main processing chamber. The base pressure in main chamber and load lock system is 1 × 10 The performance of Mo/Si ML is tested using Indus-1 reflectivity beamline [18] . The beamline delivers radiation in the range of 40-1000Å with high flux and moderate spectral resolution using a toroidal grating monochromator. Various absorption edge filters are provided in the beamline to suppress the higher-order contamination from monochromator. The present reflectance measurements are carried out in the s-polarized geometry. The wavelength resolution λ/Δλ of beam line in this spectral region is 200-500. The detector used is EUV/soft X-ray photo diode. Hard X-ray reflectivity (XRR) measurements are performed on Bruker Discover D8 diffractometer. Transmission electron microscope (TEM) investigations are carried out on a Philips CM 200 TEM, operated at 200 kV accelerating voltage. The microscope is used in imaging, diffraction, and analytical modes.
Results and Discussion

Layer Structure and Thickness
Control. Fabrication of high-reflectivity MLs with good energy band pass depends strongly on nature of interface, density contrast, and thickness error. While thickness error from layer to layer in the multilayer stacks depend on the stability of the process parameters, the interface characteristics and density contrast depends on kinetic energy (KE) of the add-atoms. KE of condensed particles is optimized by adjusting flux and energies of sputtered atoms through a systematic variation of process parameters during growth of thin films, bilayers, and finally MLs. Desired film quality is obtained after several iterations, by optimizing gas flow rate, pressure, power, target-substrate distance, and substrate speed. Some of these results are discussed below.
A typical example of the influence of argon pressure and film thickness on the quality of Mo single film is shown in Figure 1 . Measured XRR profile is fitted using Parratt formalism [19] . For fitting, a low-density Mo oxide layer of thickness ∼45Å is assumed at the top of Mo thin films. The best fit results reveals that the rms surface roughness of oxide layer is in the range of 8Å for samples Mo-1, Mo-2, Mo-3, and Mo-6 whereas 5Å for samples Mo-4 and Mo-5. The substrate roughness of 4Å is assumed in fitting of all samples. The film thickness, surface roughness, and mass density obtained from the best-fit to measured XRR data are shown in Table 1 . The roughness of film increases with increasing thickness and for same thickness, roughness Table 1. increases with increasing pressure. Previously it was observed that with increase in working pressure, the growth pattern of sputtered films changes from compact structure to a columnar structure [2, 20, 21] . The increase in roughness of film at higher gas pressure is attributed to decrease in surface energy of add-atoms during film growth. Similarly, the influence of power, target-substrate distance, and so forth are examined on the film quality. To realize good interface, the process parameters are optimized for both Mo and Si. In case of Si film, process parameters are optimized by fabricating Si-on-Mo bilayer. The rate of deposition is maintained at 3Å/s and 0.4Å/s for Mo and Si, respectively, at working pressure 3 × 10 −3 mbar with 7 sccm gas flow rate. For above working pressure, the optimized sputtering power for Mo and Si is 150 W and 300 W, respectively. These powers provide optimized activation energy to the deposited atoms for surface diffusion enabling growth of smooth films. Subsequently the morphology of the film is adjusted by varying geometrical parameters such as motion of substrate. Optimized substrate motion over the target for Mo is 9.2 mm/s and that of Si is 1.34 mm/s.
A challenging task during fabrication of ML stacks is to achieve a stable deposition condition for precise control of thickness in atomic scale from layer to layer. This needs that discharge plasma and its distribution over the target should be stable during fabrication of ML, which takes approximately few hours. The key parameters for stable and uniform plasma depend on purity of Ar gas, uniform gas flow over the target, conditioning of vacuum chamber (degassing and quality of vacuum), and a stable plasma power supply. Quality of vacuum in the process chamber is maintained by constantly pumping without breaking vacuum in the chamber. The out-gassing from inner wall of process chamber was pre-conditioned by fabricating test samples for many runs before final fabrication of actual samples. For stable plasma and to avoid contamination from target surface during film growth before fabrications of actual ML samples, the target is presputtered for about 30 minutes. The stabilization of gas flow rate, power, and vacuum is maintained within ±0.01 sccm, ±0.5 W and ±0.02 × 10 −3 mbar, respectively during the deposition process. For the determination of layer structure, intentionally, we fabricated multilayer samples with lower number of layer pairs for clarity in Kiessig oscillation between higher order Bragg peaks in the X-ray reflectivity pattern. Figure 2 shows a case study of two Mo/Si MLs with N = 10 but different periodicity. The successive higher order Bragg peaks reveal good quality of ML structure. The best-fit results are shown in Table 2 . For ML-1, the measured full width at half maxima (FWHM) of 1st-order Bragg peak is Δq z = 0.0114Å −1 which is close to the FWHM of ideal ML structure Δq z = 0.0111Å −1 . Similarly for ML-2, the measured FWHM of 1st order Bragg peak is Δq z = 0.0116Å −1 which is also close to FWHM of real ML structure Δq z = 0.0114Å −1 . The best-fit results reveal high contrast in density between Mo and Si with interfacial roughness in the range of 2 to 4Å. There is a presence of interlayer (IL) in between Mo and Si, which is asymmetric in thickness.
After optimizing process parameters by fabricating smaller number of layer pairs, MLs are fabricated with larger number of layer pairs. Figure 3 shows the measured and fitted XRR profile of two Mo/Si MLs. ML-3 has N = 65 and periodicity d = 68Å whereas ML-4 has N = 60 and d = 93.4Å. Figure 3 shows that well-defined successive higher order Bragg peaks indicate good quality of ML structure in terms of roughness, thickness error, and density contrast. A calculated thickness error of ∼0.03% per layer is obtained from higher order peak broadening. The best-fit results are shown in Table 2 . XRR profile is fitted using four-layer model taking account of interlayer formation at the both Table 2. interfaces, namely Mo-on-Si and Si-on-Mo. The interlayer arises because of inter diffusion/compound formation at the interfaces of Mo/Si system, which is commonly observed for Mo-Si system [22] .
Cross-sectional electron microscopy studies are undertaken to study the interfaces and periodicity of Mo/Si ML. Intensity (a.u.) interface. However, very thin asymmetric interlayers are observed in the zoomed region.
Lateral Uniformity and Reproducibility.
Desired lateral thickness profile of the coating on large area substrate is obtained by iterative control of pumping port opening, argon flow from two sides of chamber, substrate motion, installation of masking arrangements, and optimization of target-substrate distance. Uniform flow of argon across the target is realized by flowing unequal gas flow rate on two sides of targets (along length) and adjusting opening of pumping port. Gas flow rate is higher on the pumping side than the other side, to compensate direct pumping effect. After assuring uniform gas flow, the spatial distribution of sputtered atoms depends upon the geometry of target and target-substrate distance. A planner rectangular magnetron source produces a rectangular-shaped sputtering track. More material is sputtered out from the target where magnetic field is more. The spatial distribution of deposition rate profile over a planner rectangular cathode is cosine like structure [23] . The deposition rate is more at centre and decreases systematically at both sides along the length. Furthermore, the spatial distribution of deposited flux is strongly dependent on target-substrate distance. As the target-substrate distance increases, the spatial distribution profile becomes uniform over the length of the target. However, as the target-substrate distance increases the deposition rate decreases. Furthermore, the film quality is affected if target-substrate distance is large. There is a trade-off between target-substrate distance which in turn depends on uniformity and deposition rate, as well as film quality. Thus, the strategy for controlling uniformity over length of target is to use appropriate masking geometry and to optimize target-substrate distance. For the present system, we have optimized target-substrate distance as 70 mm. To average out spatially variation of deposition rate along length of target, we employed different masking arrangements. To evaluate the lateral uniformity of periodicity, initially multilayers are fabricated on small substrates (size 2 × 3 cm 2 ) placed at different positions over the area 300 × 100 mm 2 . Finally, the actual large-size multilayers are fabricated on float glass with size 300 × 100 mm 2 . Figure 5 shows measured reflectivity profile of Mo/Si ML at different positions along the length of substrate which are fabricated using a rectangular masking arrangement in between target and substrate. Figure 6 shows the periodicity of fabricated multilayer versus distances along the length of target which are obtained from best-fit XRR measurements. In Figure 6 , it is evident that there is systematic decrease in periodicity in both sides along the length with respect to centre of substrate. This is due to decrease in deposition rate from centre to side along the length of target. The maximum variation in periodicity is (Δd) 1.7Å.
In order to further minimize spatially variation of deposition rate along the length, we figured the mask, with tapering towards centre. More flux of deposited material at the centre compared to both sides is compensated by adjusting amount of tapering of mask towards centre. Figure 7 shows the measured reflectivity profile of Mo/Si MLs at different positions along the length of substrate which are fabricated using a modified masking arrangement with tapering towards centre. The corresponding variation in lateral periodicity which is obtained from the best-fit data is shown in Figure 8 .The maximum lateral variation in periodicity is within 0.5Å along 300 mm length of target. Furthermore, the linear motion of the substrate across the full opening of mask averages out the spatial variation of the deposition rate in the motion direction (i.e., along the width of target). In our present deposition system, the maximum width of sample is 100 mm. This limitation in sample width is to avoid cross talk between the targets during deposition. Reproducibility is the crucial issue for larger-area multilayer for device applications. Our preconditioned system ensures reproducibility of system in terms of density contrast, interface quality, and thickness control from run to run. A typical example of reproducibility of fabricated multilayers from run to run is shown in Figure 9 . Here, we show three different deposition runs keeping number of layer pair fixed at N = 10. The identical critical angle and similar reflectivity of 1st order Bragg peak of three samples indicate insignificant variation in film density. The best-fit results reveal identical interface quality for all the samples. Moreover, best-fit results reveal the variation in periodicity from run to run is better than 0.5Å.
Soft X-Ray
Performance. The actual performance of MLs is tested using reflectivity beam line on Indus-1 SR source. Figure 10 shows the angle versus reflectivity scan of ML-3 with d = 68Å and N = 65 layer pairs at a wavelength of 127Å. The ML has 63% peak reflectivity at an incidence angle of 71
• . In inset, wavelength versus reflectivity scan measured at a Bragg angle of 72.5
• is presented. The ML with suitable varying periodicity will be used for potential application in the wavelength range of 126-150Å. The 63% of reflectivity obtained is comparable with 69% peak reflectance reported on standard Mo/Si system [24] . The spectral width of ML-3 is 2.3 eV. Mo/Si ML would be used as a polarizer and analyzer in soft X-ray region because of high throughput and polarizing power. Figure 11 shows the angle versus reflectivity scan of ML-4 which is designed to use as a polarizing element at wavelength of 130Å with d = 93.4Å and N = 60 layer pairs. This sample has Bragg peak at quasi-Brewster angle 45
• at wavelength of 130Å. The spectral width of ML-4 is 5.36 eV. In sample ML-4 numbers of layer pairs are optimized to get maximum s-reflectance to p-reflectance ratio.
Conclusions
Large area, high-reflectivity Mo/Si MLs are developed using specially designed magnetron sputtering system. The process parameters are optimized for growth of thin film suitable for X-ray ML fabrication. Mo/Si MLs are fabricated with rms interface roughness in the range of 2 to 5Å. The lateral variation in periodicity of ML is minimized to 0.5Å over 300 × 100 mm 2 area by proper masking arrangement, substrate motion, and choosing appropriate system configuration. The run-to-run variation in periodicity and thickness errors are less than 0.5Å and 0.03% per layer, respectively. Reflectivity of more than 60% is routinely achieved at the wavelength above the silicon L-edge (∼124Å).
